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Abstract 

A search for excited lepton production in e~^e~ collisions was performed using 
the data collected by the DELPHI detector at LEP at centre-of-mass energies 
ranging from 189 GeV to 209 GeV, corresponding to an integrated luminosity 
of approximately 600 pb^^. No evidence for excited lepton production was 
found. In searches for pair-produced excited leptons, lower mass limits were 
established in the range 94 - 103 GeV/c^, depending on the channel and model 
assumptions. In searches for singly-produced excited leptons, upper limits on 
the parameter //A were established as a function of the mass. 
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1 Introduction 

Excited leptons are predicted by models with substructure in the fermionic sector [1- 
3]. They arc assumed to have spin and weak isospin equal to 1/2 and to have both their 
left-handed and right-handed components arranged in weak isodoublets: 




where u* = z/*,z/*,t/* and i* = e*,iJ,*,r* represent the different flavours of neutral and 
charged excited leptons respectively. Excited leptons {L* = i*,!/*) couple to the photon 
and/or to the and gauge bosons according to their quantum numbers and thus 
could be pair produced at LEP. Single production in association with their Standard 
Model (SM) partners (L = i, u) would also be possible and its cross-sections would 
depend on the LL*V couplings {V = 7, W^, Z°) [4]. Excited leptons with masses up to 
the centre-of-mass energy {^/s) can be searched for through the single-production mode. 

This paper presents results of a search for single and pair production of excited leptons 
of all flavours using data collected by the DELPHI experiment at LEP at centre-of-mass 
energies between 189 GeV and 209 GeV. Previous results by DELPHI and the other LEP 
experiments can be found in references [5-7], while results from the HERA experiments 
can be found in reference [8]. The paper is organised as follows: section 2 reviews 
the phenomenology of excited-lepton production and decay and its consequences for the 
experimental strategy; in section 3 a detector overview is given and the data and Monte 
Carlo simulations are presented; event selection criteria applied to the different search 
channels are described in section 4 and the results obtained are presented in section 5; 
finally, a summary is presented in section 6. 



2 Production and decay of excited leptons 

Pair production of charged excited leptons in e~^e~ collisions proceeds via s-channel 7 
and Z° exchanges, while for excited neutrinos only the diagram contributes (figure 1). 
Pair production of excited electrons or excited electron neutrinos is also possible through 
t-channel exchange diagrams. In this case two LL*V vertices are involved and the con- 
tribution to the total production cross-section is expected to be negligible compared to 
the s-channel exchange diagrams. 

Single excited-lepton production arises from s-channel photon and exchange (fig- 
ure 1). Important additional contributions from t-channel 7 and Z° exchange arise for 
excited electron production, while i-channel exchange can be important for the ex- 
cited electron neutrino. In the t-channel production of excited electrons, the SM spectator 
electron is emitted at small angles to the colliding beams direction and thus is often not 
detected. 

The SU(2)xU(l) gauge-invariant effective Lagrangian describing the magnetic transi- 
tion between excited leptons and the SM leptons has the form [3] : 



2A 



Ll + hermitian conjugate 



where L* = + L}^ and is the weak isodoublet with the left-handed components 
of the SM leptons; a^'^ is the covariant bilinear tensor, V are the Pauli matrices, Y is 
the weak hypercharge, Wfj,„ and B^i, represent the gauge field tensors of SU(2) and U(l) 
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respectively, with g and g' being the corresponding SM couphng constants; the parameter 
A sets the compositeness scale, with / and /' being weight factors associated with the 
two gauge groups. This Lagrangian is associated to the LL*V vertex, and describes the 
single production of excited leptons and their decay branching ratios radiating a photon 
or a W"*" or Z*^ boson. The strength of the LL*V coupling is parameteriscd through 
/ and /'. Form factors and anomalous magnetic moments of the excited leptons were 
not considered in the reported analyses. To reduce the number of free parameters it is 
customary to consider a relation between / and /', or set one of the parameters to zero. 
In this paper the relations f = f and / = — /' are assumed. With the assumption 
I /I = I /'I, the single excited-lepton production cross-section depends only on the ratio 
//A and on the excited-lepton mass. 

Excited leptons with masses above 20 GeV/c^ are assumed to decay promptly by radi- 
ating a photon, or Z*^ boson. Their mean lifetime is predicted to be less than 10~^^ s 
in all the studied scenarios. Thus, for detection purposes, excited leptons essentially 
decay at the production point. The decay branching ratios are function of the / and 
/' parameters, as shown in figure 2 as a function of the excited-lepton mass {rriL*) for 
f = f and / = — /'. For charged excited leptons, the electromagnetic radiative decay 
is forbidden if / = — /' and the decays proceed exclusively through Z° and bosons. 
However, as long as / 7^ — /' there is a significant contribution to the total decay width 
from the electromagnetic radiative decay, even if |/| — |/'| -C |/|. If / = /', the electro- 
magnetic radiative decay branching ratio is close to 100% for tol* smaller than the 
mass (mw), but decreases for rriL* > m-w reaching a value of 34% for rriL* = 200 GeV/c^. 
For excited neutrinos the electromagnetic decays are forbidden only if / = /'. 

Many final-state topologies arise from the production and decay of excited leptons. 
They involve isolated leptons, isolated photons, particle jets from quark fragmentation, 
missing energy (^) and missing momentum (^. 







Final-state Topologies 


Channel 


Single production 


Pair production 


t - 


i-f 




££77 


t - 


pW 






e* - 


^iZ 






u* - 


-> z/7 


7^ 


77^ 


u* - 


iW 




22^^^.22m).2m^^ 


u* - 


vZ 







Table 1: Analysed final-state topologies corresponding to the different production and 
decay modes of excited leptons. The spectator or final state SM lepton remaining unde- 
tected is indicated by (£) . 

Table 1 shows the topologies considered for the different L* production and decay chan- 
nels. Several of those, although not corresponding directly to the physical final state, are 
expected to become particularly important in presence of low energy or low polar angle^ 
leptons. 

^In DELPHI a right-handed Cartesian coordinate system was used, with the 2;-axis pointing along the electron beam, 
the i-axis pointing toward the centre of the LEP ring and the origin at the centre of the detector. The polar angle Q is the 
angle to the electron beam direction and the azimuthal angle 4> is the angle measured from the a;-axis. In this paper 6 also 
refers to the complementajry angle 180° — 0. 
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The final states arising from tlie or TF' leptonic decays in tlie single-production 
mode and the W+W" purely leptonic decays or the Z°Z° final states in the pair-production 
searches were not considered due to their small branching ratio and/or small signal sen- 
sitivity. In addition the pair-production search criteria aimed at selecting only the final 
state topologies where both excited leptons decay to identical gauge bosons, (unmixed 
decays). Mixed decays where each excited lepton decays to a different gauge boson are 
not considered. 

3 Detector overview and data samples 

The data analysed were collected with the DELPHI detector in the years 1998-2000, 
at centre-of-mass energies ranging from 189 GeV to 209 GeV and correspond to a 
total integrated luminosity of 598.7 pb~^, with an average centre-of-mass energy of 
<i/i>~ 198.5 GeV. A detailed description of the DELPHI detector can be found in 
reference [9]. In the year 2000 the centre-of-mass energy varied from 201.5 GeV to 
208.8 GcV, with an average value of <A/i>~ 206 GeV. With the purpose of maximizing 
the discovery potential, these data were subdivided into centre-of-mass energy bins that 
were analysed independently. During the year 2000 data taking an irrecoverable failure 
affected one sector of the central tracking detector (TPC), corresponding to 1/12 of its 
acceptance. The data recorded under these conditions, approximately 60 pb~^, were 
analysed as an independent energy bin. The luminosity- weighted mean centre-of-mass 
energy and integrated luminosity for each analysed data set are summarised in table 2. 
The last column corresponds to the data taken after the TPC damage. In the remainder 
of the text each centre-of-mass energy bin will be referred to by the nearest integer value 
and the energy bin corresponding to the data taken after the TPC failure as 206*. For 
the pair-production searches only the data taken in year 2000 were used in the analysis. 
In the single-production searches the 6.9 pb~^ collected at y/s ~ 208 GeV were analysed 
together with the 207 GeV data. 



Year 


1998 


1999 


2000 


< > (GeV) 


188.6 


191.6 


195.5 


199.5 


201.6 


204.9 


206.7 


208.2 


206.5 


j £(pb -) 


151.8 


25.1 


76.0 


82.6 


40.1 


79.9 


77.1 


6.9 


59.2 



Table 2: Luminosity weighted mean centre-of-mass energy and integrated luminosities 
for the analysed data. The last column corresponds to the data taken after the TPC 
damage. 



Events from Standard Model processes contributing to the background were gener- 
ated at each centre-of-mass energy using several Monte Carlo programs, e+e^ f f{l) 
events were generated with KK2F [10] (/= quark or muon), KORALZ [11] (/=tau) and 
BHWIDE [12] for Bhabha events (/^electron) . Four-fermion final states were produced 
with WPHACT [13], while particular phase space regions of the e+e~ e^e~ff process, 
referred to as two-photon interactions, were generated using PYTHIA [14] for hadronic 
final states, BDKRC [15] for e^e~ fi^n' and e^e~T^T~ and BDK [16] for e^e~e^e~ final 
states, e^e" — > e+e~7 events, with one electron (positron) scattered at very small polar 
angles while the positron (electron) and photon have large scattering angles, yield a final 
state with only one electron (positron) and one photon detected. Such events, which 
correspond to a particular region of the Bhabha scattering phase space not covered by 
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the BHWIDE simulated sample, were generated according to reference [17]. The process 
e+e" 77(7) was simulated using the generator described in reference [18]. 

Excited-lepton events were simulated to study the distributions of the relevant kine- 
matic variables and to compute the selection efficiencies of the analyses. Single- and 
pair-production events of all excited-lepton flavours were generated according to the dif- 
ferential cross-sections defined in reference [3]. Simulated events were produced at the 
relevant centre-of-mass energies and for several excited lepton masses. In the single- 
production scenario the following masses were considered at all ccntrc-of-mass energies, 
rriL* = 100, 125, 150, 170, 180 GeV/c^; additional masses were produced up to the kine- 
matic limit, with values depending on the centre-of-mass energy of the simulated sample 
(e.g. at ^/s — 188.6 GeV the masses 185 GeV/c^ and 188 GeV/c^ were also simulated). 
In the pair production the following masses were simulated: rriL* — 85, 90, 95, 100 and 
103 GeV/c^ In addition, for tt uWuW the tul* values between 95 and 103 GeV/c^ 
were taken in 1 GeV/c^ steps. 

In all simulations the relation f = f was assumed. However, in the case of the single 
production of excited electrons, events were generated also with / — —f. This allowed to 
take into account the strong dependence of the event kinematics on the relative weights 
of the couplings. In the single-production mode, initial-state radiation (ISR) of photons 
was included at the event generation level, while for the pair-production process it was 
taken into account in the computation of the total cross-section. 

All excited-lepton decay modes were included in the single-production simulations. 
For the pair production the following unmixed decays were simulated: £*£* ii'-f-f, 
^ uujj, tt z/Wz/W and mm. Finally the decays of W± and Z° 

bosons and tau leptons and the hadronization/fragmentation in hadronic final states 
were performed using JETSET 7.4 [14]. 

The generated signal and background events were passed through the detailed sim- 
ulation of the DELPHI detector and then processed with the same reconstruction and 
analysis programs as the real data [9]. For the data collected after the TPC failure the 
reconstruction software for charged particle tracks was adjusted to make best use of the 
Silicon Tracker and Inner Detector, both placed closer to the beam than the TPC, and 
the Outer Detector and Barrel Rich, placed outside the TPC. As a result, the impact of 
the malfunctioning TPC sector on the determination of jet momenta was not large. A 
dedicated simulation of the detector conditions during this period was also used. 

4 Event selection 

The production and decay of excited leptons would yield topologies involving isolated 
leptons, isolated photons, jets and missing energy, as detailed in table 1. 

In the first step of the analysis, isolated photons and charged leptons are searched 
by constructing double cones centred in the direction of the charged particle tracks and 
the neutral energy deposits, defined as energy deposits in the calorimeters not matched 
to charged particle tracks. The energy detected inside an inner cone with half opening 
angle of 5° must be greater than 5 GcV, while the energy contained between the inner 
cone and the outer cone must be small to ensure isolation. Both the opening angle of the 
outer cone and the maximal accepted total energy contained between the two cones can 
vary as detailed in reference [19]. 

Events arc pre-selected by requiring the total energy deposited above 20° in polar 
angle to be greater than 0.2y^. The events are then classified in different topologies ac- 
cording to their multiphcity and to the number of isolated leptons and photons. The 
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"low-multiplicity" events contain at most five well-reconstructed tracks while "high- 
multiplicity" events have more than five such tracks. In "low-multiplicity" events all 
particles not identified as isolated photons are clustered into jets using the Durham algo- 
rithm [20] . This allows to handle the decay products of the tau leptons as low- multiplicity 
jets. The jets in the event are obtained by requiring the jet resolution variable to be 
greater than 0.003 for all jet pairings [6]. If the number of jets thus obtained is smaller 
than the number of isolated leptons previously found, the algorithm is applied once more 
requiring the number of jets to be equal to the number of isolated leptons. For the "high- 
multiplicity" events no dedicated strategy for the taus was followed. In this case a tau 
is reconstructed only if its decay products (charged leptons or low-multiplicity jets) fulfil 
the double cone isolation criteria. Electron, photon and muon identification are based on 
the standard DELPHI algorithms described in reference [9]. Topology-dependent criteria 
are finally applied, as detailed in the following subsections, and, whenever possible, the 
flavour of the final-state leptons is used to tag the fiavour of the excited lepton. 

4.1 Topologies with only photons 

Final-state topologies consisting of photons only could arise from the production of 
excited neutrinos decaying to a SM neutrino and a photon. For these topologies the 
analyses presented in references [19] and [21] were used. 

In the search for single production of excited neutrinos, events consisting of only 
one photon in DELPHI (single-photon events) are considered. For the single-photon 
preselection the results from reference [21] were used. The background from SM processes 
giving single-photon events is mainly due to the process e"'"e~ — > TP^ — > W7, where the 
final-state photon is emitted predominantly at small polar angles. Candidate events 
must have a photon with polar angle > 45° and with energy E^^ > 0.45a/s. In the uu* 
search the data from year 2000 was grouped in two bins, corresponding to ^/s < 207 GeV 
(including the 206* data) and ^ > 207 GeV. 

For the i'*u* search events with two photons were selected. The selection of events 
with two photons and missing energy described in reference [19] was followed, except for 
the kinematic fit imposing the Z° mass on the invisible system and the requirement on 
the missing mass. 

4.2 Topologies with leptons and photons 

Topologies with isolated leptons and photons are expected whenever the excited 
charged leptons decay by photon emission. 

For the single-production search the topologies iij and £7 were considered as shown 
in table 1. The £7 topology becomes dominant for all fiavours when the excited- lepton 
mass is close to the ccntrc-of-mass energy. The spectator SM lepton has then too small 
an energy to be identified as an isolated particle. The £7 topology is also crucial for 
the single e* search when t-channel production dominates, in particular for the / = /' 
scenario. The SM spectator electron is then scattered at small polar angles, remaining 
undetected. 

Different preselection criteria were applied, according to the event classification in 
each of the topologies and taking into account the relevant background processes and the 
specific kinematics of the signal events. 

Only events with at least one photon with energy > 0.05y^ are considered; for the 
lepton momentum {pi) it is required > 0.05y/s in the topologies with only one lepton. 
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In the ££7 topology the sum of the two lepton momenta must be greater than 0.1^/s. The 
sum of the lepton and photon energies (p^j +P12 + E^) should in principle be of the order 
of the centre-of-mass energy; however, since in rr* — > TT7 events a fraction of the energy 
is carried by neutrinos, it is required pi-^ + Pe2 + > QA^/s. In the e* and fi* searches, 
the momentum of the most energetic lepton must be greater than O.OSy^. For events in 
the £7 topology it is required that > 0.1\/s, > O.ly^ and + pi,> 0.4\/s. 

Figure 3 shows the distribution, after this preselection, of relevant kinematic variables 
for each of the topologies considered. 

The event selection was further tightened as follows. In the case of the £7 topology 
the dominant background arise from Bhabha scattering events with one electron lost at 
low polar angle or identified as a photon. Requiring the presence of an energetic photon 
in the central region of the detector is the main rejection criterium. For the e* and r* 
searches in this topology it is thus required that 0^ > 42°. 

The main background for the ££7 topology is due to radiative Bhabha scattering events. 
Initial-state radiation events, where the photon is mainly emitted at small polar angle, 
are reduced by requiring 9^ > 42° in the e* and r* searches. The background from final- 
state radiation consists of low-energy photons emitted at small angle to the direction of 
the final-state leptons. It is thus required ■ sin a > 0.08y^, where E^ is the photon 
energy and a is the angle between the photon direction and the direction of the nearest 
particle. 

The final-state topology consisting of one electron and two photons, 677, was addi- 
tionaly considered in the e* search. In the t-channel-dominated e* production mode the 
spectator electron scattered in the forward direction could be detected by the low-angle 
calorimeter of DELPHI, below the geometrical acceptance of the tracking detectors, thus 
being reconstructed as a photon. For the selection of events in the e77 topology only one 
photon with 9^ < 9° can be present; the other photon must be detected above 25°; the 
sum of the lepton momentum and photon energies is above 0.8y^. The main background 
for this topology is due to radiative Bhabha scattering events, with one low angle electron 
being identified as a photon. This background is mostly irreducible. Some reduction of 
the background is achieved by requiring that p(, -\- E^^ > 0.4y^, where E^^ is the energy 
of the low polar-angle photon. 

For the pair-production searches the ££77 topology was considered. The expected 
background is rather low and simpler cuts were applied. Both leptons must have mo- 
mentum above 10 GeV/c. Events are kept as candidates if a lepton-photon pairing exists 
for which the difference between the invariant masses of the two lepton-photon pairs is 
smaller than 15 GeV/c^ (20 GeV/c^) in the e* and fi* (r*) searches. 

The excited-lepton mass can be reconstructed by computing the lepton-photon in- 
variant mass. In the £77 topology the photon expected from the decay of an excited 
lepton is the one detected at high polar angle, while in the topology both possi- 
ble lepton-photon pairings are considered. The invariant-mass resolution improves by 
rescaling the measured energies and momenta. This is done imposing energy-momentum 
conservation and using just the polar and azimuthal angles, which are well measured in 
the detector. Resolution of ±1 mrad in 9 and ±1.7 mrad in are obtained for high 
energy photons and of about ±1 mrad or better in 9 and arc obtained for high mo- 
mentum charged particle tracks, in the central part of the DELPHI detector [9]. In order 
to take into account the energy lost through initial-state radiation, the rescaling is also 
applied assuming the presence of an additional photon along the beam direction. This 
procedure accounts also for the case when the spectator electron is lost in the beam pipe. 
The compatibility of the rescaled and the measured values is quantified through the 
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parameter [5,6]. The was computed separately for charged particles {xlharged) ^^'^ 
photons ixlhotons)- The result from the rescaling assuming an additional particle along 
the beam direction was retained whenever it yielded a smaller total x^- In any case only 
events with niin(x^j^3^j.ggjj, ^pj^^^^j^g) < 5 are retained. The resolution on the lepton-photon 
invariant mass, after applying the kinematic constraints, is in the range 0.2 — 0.6 GeV/c^ 
(1.5 — 2.0 GeV/c^) for electrons and muons (taus). 

Finally, the flavour of the final-state leptons is used to select the candidate events. 
In the e* search all leptons must be identified as electrons. The search for //* requires 
that the most energetic lepton is identified as a muon and no particle is identified as an 
electron. In the r* search no lepton fiavour identification is applied; instead, a difference 
between the measured and rescaled momenta of the final-state leptons, characteristic of 
the presence of neutrinos from tau decays, is required by imposing xlharged > 5 in the 
single-production and xlharged pair-production searches. 

4.3 Topologies with jets and leptons 

Final-state topologies with jets and isolated leptons were considered in the search for 
excited leptons decaying to W± or Z°, £* uW, t HP, v* £W and v* vT? . 
Due to the presence of neutrinos, some of the topologies are additionaly characterized by 
missing energy. In the single-production searches only the final states arising from the 
hadronic decays of the and Z° bosons were addressed. In the pair-production searches 
only the fully hadronic or semileptonic decays of the W+W~ pairs were addressed. The 
"high-multiplicity" events were thus considered in these analyses. 

4.3.1 Single-production analysis 

The topologies considered in the single-production search are jj^, jji^, jji and jj££. 
All particles in the event, excluding the isolated leptons, are clustered into jets using the 
Durham algorithm. Two-jet events are selected by requiring the Durham jet resolution 
variable for the transition from three to two jets, 1/23, to be lower than 0.06 and from two 
to one jet, yi2, to be greater than 0.01. The polar angle of isolated leptons must be above 
25°. 

The searches for pair production of excited leptons already excluded L* masses smaller 
than the mass of the Z° boson for all excited lepton flavours. The gauge bosons are thus 
expected to be produced on-shell and the invariant mass of the two jets {Mjj) should 
be compatible with a or Z° boson. The loose condition 40 < Mjj < 120 GeV/c^ 
is thus applied in all topologies. In addition, since the gauge bosons originating from 
excited-lepton decays are not at rest, the two jets are also expected to be acoplanar. This 
characteristic is quantified by the jet-jet acoplanarity, A^J^, deflned as 180° — where 
$ is the angle between the projections of the jet momenta in the plane perpendicular to 
the beam. 

For events in the jj topology the main background comes from e+e~ — > ^'^(7) events, 
where the photon is emitted at a very small polar angle or is soft, and thus remains 
undetected. Since the transverse momentum of the photon is always very small (typically 
< 2 GeV/c at y/s = 200 GcV), this process results in two jets with small acoplanarity. 
Candidate events are required to have A^i^ > 25° and the polar angle of both jets larger 
than 20°. 

A looser acoplanarity cut, A^^ > 10°, is applied to events in the jji topology. The 
background is mainly due to W+W~ production, with one boson decaying to quarks and 
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the other to a charged lepton and a neutrino (W^ semileptonic decays). The quantity 
C — Qwcos^W; Qw and being the boson charge and polar angle respectively, was used 
to reduce the W+W~ background. The bosons in background events are produced 
preferentially in the forward direction and ^ is peaked towards -1. In semileptonic 
decays Qw is given by the lepton charge and is estimated, neglecting radiation effects, 
from the jet directions. For events in the jj£ topology with the lepton charge unambigu- 
ously determined, about 90% of the events, it is required ^ > —0.6, while no condition is 
applied to the remaining events. 

In the jjii topology the angle between the two lepton directions or between any of the 
leptons and the jet directions must be greater than 10°. No acoplanarity cut is applied. 

Figure 4 shows the distributions for the jet-jet acoplanarity, the variable ^ for events 
with the lepton charge unambiguously determined and the energy of the most energetic 
lepton, for the jj, jji and jjii topologies, after the preselection cuts. 

In order to improve the estimation of the jet momenta and energies a kinematic fit [22] 
is applied to the selected events. Events in the jj and jji topologies can arise from 
excited-lepton decays mediated by a or boson and thus the invariant mass of the 
jet-jet system is constrained to be either mw or m^, depending on the search channel. For 
events in the jjii topology only the mz constraint is used. In all cases, only the events 
compatible with the expected decay mode are retained by requiring that the kinematic 
fit yielded a per degree of freedom lower than 5. 

The excited-lepton mass can be estimated in several of the topologies considered. The 
relevant variables are the jct-jet-lepton (z/z/* uiW"^) and jet-jet-ncutrino {ii* iuW^) 
invariant masses, and the recoil mass of isolated leptons {ii* iuW^, ii* HTP). The 
neutrino four momenta {Pi) was reconstructed, from the total energy {E) and momenta 
{~p) of all measured final-state particles, as P^, = ( , — {'p^E). The resolution 
on the jet-jet-neutrino invariant mass varies between 1 GeV/c^ and 5 GeV/c^. In the 
rr* rz/W^ channel, the r* mass is reconstructed only for signal masses 711^* > 0.9y^ 
and is obtained from the recoil mass of the spectator lepton; the resolution ranges between 
3 GeV/c^ and 6 GeV/c^. The resolution on the jet-jet-lepton invariant mass is about 
2 GeV/c^ for m^* = 100 GeV/c^, increasing to about 10 GeV/c^ for m^* = 200 GeV/c^; 
no mass reconstruction was attempted in the u* channel. 

At the last step of the analysis, the various production and decay modes within the 
same topology are treated differently. In the searches for excited leptons of the first and 
second generations, the flavour of the flnal-state isolated leptons must match the excited- 
lepton flavour. In the searches for r* and i>* in the topologies with isolated leptons 
no selection is applied based on the flavour of the final-state leptons. Instead, due to 
the presence of neutrinos in the tau decay products, the final-state isolated leptons are 
expected to have relatively small energy. Therefore a cut on the energy of the final-state 
leptons is used as follows: in the r* tZ° search, the energy of the isolated lepton must 
be lower than 0.3^/s for events in the jji topology, while in the jjii topology at least 
one lepton with energy smaller than 0.2y^ must be present; in the u* rW^ search the 
lepton energy must be smaller than 0.2y^. 

4.3.2 Pair-production analysis 

z/*z/* search 

In the search for pair production of neutral excited leptons decaying to bosons 
{i/*^* — > £W£W) only the fully hadronic and semileptonic decays of W+W" pairs were 
taken into account. The flnal-state topologies are formed by the W+W~ decay products 
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(two jets and one lepton or four jets) and by two additional charged leptons, yielding a 
rather clear signature. 

Multijet events are selected by requiring yi2 > 0.03 and only events with at least two 
isolated leptons are kept. If exactly two isolated leptons are found it is further required 
that y23 > 0.01. 

In the search for u* and u* , the final state must contain at least two charged leptons 
of the corresponding flavour. For the u* search it is required ^ > 0.1a/s. 

£*£* search 

The final-state topologies considered in the search for pair production of charged ex- 
cited leptons decaying to bosons z/Wz/W) were four jets or two jets and one 
lepton. They result respectively from the fully hadronic or semileptonic decays of the 
W+W" pair. 

Contrary to the u*^* search described above, the two additional particles in the final 
state are now neutrinos, giving missing energy. Signal events have thus a signature 
very similar to the W+W^ background events. A discriminant analysis was used in 
the £*£* — > uWiyW search, in order to boost the small differences between the signal 
and background kinematics After the event preselection a signal likelihood, jCs, and a 
background likelihood, Cb, are constructed as the product of probability density functions 
(PDFs) of relevant kinematic variables, as described below. The discriminant variable is 
defined as Cs/ Cb- 

The semileptonic and the fully hadronic cases were treated separately. In the semilep- 
tonic analysis only events with no isolated photons and at least one isolated lepton are 

considered. The remaining particles in the event are clustered into jets. Two-jet events 
are selected by requiring 1/23 < 0.06 and yi2 > 0.01. The background from e+e^ Q^il) 
events is reduced by requiring the polar angle of the direction of the missing momentum 
to be above 20°. The minimum transverse momentum of the lepton with respect to any 
of the jets must be greater than 10 GeV/c; the lepton polar angle is required to be above 
20° for muons and above 40° for electrons. The following variables are then used to build 
the discriminant variable: 

• the missing energy of the event; 

• the angle between the two jets; 

• the energy of the lepton; 

• the angle between the lepton and missing momentum directions; 

• the • cos 9i variable, where and 9^ are the charge and polar angle of the lepton. 

In the fully hadronic analysis it is required that no isolated photons or leptons are 
found. Four-jet events are selected by requiring ^34 > 0.003 and ?/23 > 0.03. The jets are 
assigned to each of the bosons by choosing the pairing that minimizes the sum of the 
squares of the differences between the jct-jct invariant masses and the mass. A fit 
imposing energy-momentum conservation and constraining the invariant mass of the two 
jet pairs to the mass is performed. The following quantities are then used to build 
the discriminant variable: 

• the missing energy of the event; 

• the angle between the directions of the two jets of each pair; 

• the angle between the two reconstructed W bosons. 

The distributions of some of the variables used to build Cs/Cb are shown in figure 5. 
A good agreement with the SM predictions is observed. It should be noted that due to the 



10 



finite resolution in the measurement of tlie cliarged particle tracks and calorimeter energy 
deposits, the missing energy of the event ^ = y/s — Ey^s, with Ey^s the total measured 
energy in the event) may fluctuate to negative values. 

In figure 6 are shown the distributions of Cs/Cb for the semileptonic and the hadronic 
final states. 

5 Results 

No evidence for the production of excited leptons was observed in any of the final 
states considered. The number of candidate events found at the various centre-of-mass 

energies, together with the expected background from SM processes, are summarized 
in tables 3 and 4, for the different excited-lepton flavours and decay modes. The total 
numbers are summarized in table 5. These numbers are obtained by adding the results 
from the different exclusive final state topologies considered in each decay (as listed in 
table 1). The relevance of each topology depends on the decay branching ratios, which 
arc a function of the cxcitcd-lepton mass and of the coupling parameters. In many cases 
there are candidate events common to the different excited-lepton searches (e.g. the 
events selected in the jj topology are candidates in all i* — > uW searches, independent 
of the i* flavour), but in the search for a given flavour there are no common candidates 
selected in final states originating from different decay modes. 

The signal selection efficiencies at ^/s = 206 GeV are given in table 6, for specific 
values of ttil* . In most of the channels the dependence of the efficiency on the mass is 
weak, as we benefited from the combination of results from several final-state topologies 
which are sensitive to different mass regions. 

Figures 7 and 8 show the invariant mass distributions for the candidates selected in 
the various single-production searches, obtained by adding the data from all the analysed 
centre-of-mass energies and topologies. 

5.1 Systematic uncertainties 

Systematic uncertainties affect both the background and the signal efficiency estima- 
tions. 

Theoretical errors on the computed cross-sections translate into uncertainties on the 
expected number of background events, typically less than 2% [23]. 

At the event generator level, the simulated distributions of the kinematic variables 
used in the event selection may not match the distributions for the data, due either to an 
imperfect description of the detector or of the background processes at the event genera- 
tion level. Possible effects on the selected number of simulated events were estimated by 
studying the change in the ratio between the number of selected events in the data and 
simulated background when varying each selection cut around the nominal value. The 
most relevant variables used in the event selection were changed as follows: the photon 
polar angle was varied by ±5°; the cut in the lepton energy was changed by ±5 GeV; 
the jet-jet acoplanarity cut was varied by ±5°; the limits in the jet-jet invariant mass 
window were changed by ±10 GeV. In each topology the contributions from the different 
selection cuts were added in quadrature. The total systematic uncertainty from the event 
selection cuts ranged between 5% and 8%, depending on the topology considered. These 
were taken as an estimate of the contribution from the analysis cuts to the systematic 
error on the background expectation. The systematic uncertainties on the signal selection 
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efficiencies due to the selection cuts were assumed to be equal to and fully correlated with 
the errors estimated above for the background. 

The statistical errors on the background and signal efficiencies, due to the limited 
Monte Carlo statistics, were taken as uncorrelated systematic uncertainties. 

An additional source of systematic error on the signal efficiency is due to the description 
of initial-state radiation (ISR) effects at the event generator level. Single excited-lepton 
events were generated with coUinear ISR only. As long as ISR photons are emitted below 
the DELPHI acceptance, this results only in a small change in the event kinematics, with 
low impact on the signal selection efficiency. However, if the ISR photon was detected, the 
event topology would be different from the topologies considered in the analysis, resulting 
in a smaller efficiency for the signal. This effect was estimated using e+e" — > e+e" and 
e+e~ — > events simulated at centre-of-mass energies from 189 GeV to 208 GeV. 

For each centre- of- mass energy the ratio between the total number of generated events 
and the number of events with a photon with > 'b GeV and 9^ > 3° was obtained. By 
averaging over all centre-of-mass energies an efficiency correction factor k = 0.90 ± 0.02 
was obtained. The error on k was taken as an independent contribution to the systematic 
uncertainty of the signal efficiencies. 

The systematic uncertainties discussed in this section were included in the computation 
of the exclusion limits. 

5.2 Limits 

Limits at 95% confidence level (CL) were computed using the modified frequentist 
likelihood ratio method described in reference [24]. This method is well suited both for 
the combination of different search channels and for the inclusion of mass information. 
Searches in each topology at each centre-of-mass energy are treated as independent chan- 
nels. Whenever the mass of the particle being searched for can be reconstructed, the 
PDF for a given signal mass hypothesis is assumed to be Gaussian with mean value equal 
to the tested signal mass and standard deviation equal to the signal mass resolution. 
For channels where the excited-lepton mass is not reconstructed, all selected events are 
candidates for all signal mass hypotheses. In the — > z/Wz/W channel, for which a 
discriminant analysis was performed, the PDFs of the likelihood ratio obtained at each 
signal mass hypothesis are used. 

From the single-production search results, upper limits on the production cross-section 
multiplied by the decay branching ratio (a x BR) , as a function of the mass, were derived 
for each excited-lepton type and decay mode, as shown in figure 9. As already discussed, 
the kinematics of single e* production is sensitive to the contribution from t-channel 7 
exchange, with impact on the selection efficiencies. The e* limits were thus computed 
using the selection efficiencies obtained with f = f and / = — /'. With f — —f the 
e* decay to a photon is forbidden. For the other excited-lepton fiavours the selection 
efficiencies do not depend on the / and /' assignments. The limits on cr x BR can thus 
be interpreted in broader compositeness scenarios. 

The cross-section for single excited-lepton production is a function not only of uil* but 
also of the coupling parameter //A. The pair-production cross-section is a function of 
rriL* only. Upper limits on //A as a function of itll* and lower limits on m^* were derived 
from the single- and pair-production searches respectively, by combining the results in the 
various decay modes. The dependence of the decay BR's and production cross-sections on 
rriL* as given in reference [3] were assumed. The production cross-sections were computed 
taking into account initial-state radiation effects. 
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Figures 10 and 11 show the hmits on //A as a function of m^* for f = f and / = — /', 
respectively. The lower limits on the excited-lepton masses are given in table 7 for the 
two scenarios. It should be noted that the search for charged excited leptons yielded 
similar results in both scenarios. In the / = — /' case, although a poorer efficiency vs 
purity was obtained in the total number of selected events, the use of the discriminant 
analysis was crucial to keep the signal sensitivity comparable with the f = f case. 

Compositeness can also be probed at LEP through the process e+e~ — > 77(7). The 
additional contribution of the t-channel exchange of a virtual excited electron to the 
e~^e~ 77(7) cross-section leads to a change in the angular distribution of the final- 
state photons with respect to the SM prediction. This effect depends on the excited 
electron mass rUe* and on the ee*7 coupling. The results presented in reference [25] were 
used to complement the direct searches for the excited electron in the mass region above 
the kinematic limit for ee* production. Figure 12 shows the upper limit on //A for the 
single production of excited electrons with / = /', obtained by taking the best limit of the 
direct search (figure 10(a)) and the indirect search results, thus extending the excluded 
region beyond the kinematic limit. 

6 Summary 

The data collected by DELPHI at ^/s = 189 — 209 GeV, corresponding to an integrated 
luminosity of 598.7 pb^^, were analysed to search for excited leptons decaying promptly 
through 7, Z° or emission. No evidence for excited-lepton production was observed. 
Limits on the model parameters were derived in two scenarios: f — f and / = — /'. 
Prom the single-production search upper limits on //A as a function of itll* were set, as 
shown in Figures 10, 11 and 12. The search for pair production of excited leptons resulted 
in mass limits in the range 94 - 103 GeV/c^ depending on the excited-lepton type and 
the assumed scenario for the coupling parameters, as quoted in table 7. These limits 
are close to the kinematic hmit for all charged (neutral) excited leptons in the f — f 
(/ = — /') scenario. Model independent upper bounds on o" x BR were also derived 
for each excited-lepton flavour and decay channel, thus allowing for interpretations in 
broader compositeness scenarios. 
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Table 3: Number of candidates for the different excited-lepton decay channels in the 
single-production search. The numbers in parentheses correspond to the SM background 
expectations with the statistical errors. 
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Table 4: Number of excited-lepton candidates for the different decay channels and cen- 
tre-of-mass energies in the pair-production search. The numbers in parentheses corre- 
spond to the SM background expectations with the statistical errors. 
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Table 5: Total number of candidates for the different excited lepton decay channels in 
the single (top) and pair (bottom) production searches. The numbers in parentheses 
correspond to the SM background expectations with the statistical errors. 
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Table 6: Selection efficiencies for the different excited lepton flavours and decay channels, 
in the single (top) and pair (bottom) production modes. Efficiencies are quoted for 
excited lepton masses of m2,.=125, 150 and 200 GeV/c^ in the single production and 
mL*=100 GeV/c^ in the pair production, at =206 GeV. The relative statistical errors 
range between 3% and 8%, depending on the channel. 
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Table 7: Lower limits (in GeV/c^) at 95 % CL on the excited-lepton masses obtained 
from the pair-production searches. 



e* L* e* e* e* v* 




e" L e" e e" 



Figure 1: Feynman diagrams for the double (top) and single (bottom) excited-lepton 
production. Each L* is shown as a thicker line. The vertex shown as a closed circle 
represents a LL*V coupling {V = 7, W^, Z°) inversely proportional to the compositeness 
scale parameter A. 
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Figure 2: Branching ratios of the excited-lepton decays as a function of the mass. In the 
left plot are shown the branching ratios for charged and neutral excited leptons when 
/ = /' and / = — /', respectively. The right plot refers to the symmetric / and /' 
couplings assignment. 
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Figure 3: Topologies with leptons and photons after the preselection cuts: (a) lepton 
energy in the £7 topology; (b) energy of the least energetic photon in the e* search in 
the final-state topology with one electron and two reconstructed photons; (c) photon 
polar angle and (d) E^/ ^/s ■ sin a, where a is the minimum angle between the photon 
direction and the two lepton directions, in the ii'y topology. The dots show the data 
and the white histograms show the SM simulation. The shaded histograms show the 
expected distributions for a m^. = 175 GeV/c^ excited lepton at y/s = 206 GeV, using 
an arbitrary normalization. 
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Figure 4: Topologies with jets and leptons after the preselection cuts: (a) jet-jet acopla- 
narity in the jj topology; (b) jet-jet acoplanarity in the jji topology; (c) variable 
C = Qw ■ cos^w in the jji topology, for events with the lepton charge unambiguously 
determined; (d) energy of the most energetic lepton in jjii events. The dots show the 
data and the white histograms show the SM simulation. The shaded histograms show 
the expected distributions for a rriL* = 175 GeV/c^ excited lepton at y/s = 206 GeV, 
using an arbitrary normalization. 
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Figure 5: search at the preselection leveh (a) angle between the two jets and (b) 
missing energy in the semileptonic channel; (c) missing energy and (d) angle between 
the two reconstructed Ws in the fully hadronic channel. The dots show the data and the 
white histograms show the expected SM background. The shaded histograms show the 
expected signal distributions at y/s = 206 GeV with mi* = 100 GeV/c^, using an arbitrary 
normalization. 
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Figure 6: search: discriminant variables in the (a) semileptonic and (b) fully 

hadronic channels. The dots are the data and the white histograms show the SM 
background expectation. The shaded histograms are the expected distributions for a 
m£,*=100 GeV/c^ signal at ^/s = 206 GeV, using an arbitrary normalization. 
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Figure 7: Lepton-photon invariant masses for the selected candidates in the i* — ^ £7 
channels. Events selected in all relevant final-state topologies at all centre-of-mass en- 
ergies were added. For events from the ££7 final-state topology the two possible £7 
combinations are shown. The dots show the data and the white histograms show the 
expected SM background. The shaded histograms show the expected signal distributions 
at ^/s = 206 GeV with mi* = 175 GeV/c^, using an arbitrary normalization. 
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Figure 8: Invariant mass distributions for the selected candidates in the vW (top) 

and V* — > IW (bottom) channels. Events selected in the jjl topology at all centre-of-mass 
energies were added. The dots show the data and the white histograms show the ex- 
pected SM background. The shaded histograms show the expected signal distributions 
at y/s = 206 GeV with mj;,.=175 GeV/c^, using an arbitrary normalization. 



25 



DELPHI 



10 s 




10 



100 125 150 175 200 

— e%vW e'->\W(f=-f'} 

-- EXCLUDED 



10 



V -> V Y 



EXCLUDED 




10 



10 



100 



1 ET. 



775 




125 150 

e 

- v;^nw EXCLUDED 
v'->xW 



200 



100 



125 



150 



175 



10 

200 100 



125 



150 



175 



200 




100 125 150 



175 



200 



100 



125 



150 



175 



200 



m^^ (GeV/c ) 



Figure 9: Results on the single-production search of charged and neutral excited leptons. 
The lines show the upper hmits at 95% CL on cr x BR as a function of the particle mass, 
for each lepton flavour and decay mode. 
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Figure 10: Results on single-production search of excited charged (upper plot) and neutral 
(lower plot) leptons assuming / = /'. The lines show the upper limits at 95% CL on //A 
as a function of the excited-lepton mass. 



27 




m^^ ( GeV/c ) 



10 



DELPHI 



f=-f 

EXCLUDED 




10 



100 



120 



140 



160 



180 



200 



m^H= ( GeV/c ) 



Figure 11: As figure 10, but for / = — /'. 
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Figure 12: Combined limit on excited electron production for f — f from direct and 
indirect searches. The line shows the upper limit at 95% CL on //A. Up to the kinematic 
limit the result is dominated by the direct search for single production. For masses 
above the kinematic limit the result stems from the indirect search of excited electron 
contribution to the process e'^e~ — > 77 as described in reference [25]. 



